Effect of Shielding Surfaces on the irradiance Received by Tilted Collectors
Introduction
The well-known isotropic model is widely used to predict the solar irradiance G, received by a tilted surface using the solar global irradiance G, and solar diffuse irradiance Gj received by a horizontal surface. This model is given as follows (Duffle and Beckman (1980) 
where 6 and 6 Z are, respectively, the solar incidence angle on collector and the solar zenith angle, F cs and F cg are, respectively, the configuration factor between collector and sky, and collector and ground, and p g is the ground reflectance. The first term in the right-hand side is the beam irradiance, the second term is the sky diffuse irradiance, and the third term is the ground reflected irradiance. The model is successfully used in several applications among which are the prediction of the solar irradiance received by: flat-plate collectors, solar photovoltaic arrays, and glass windows of buildings. The model, however, assumes no surrounding surfaces which may partially or fully shade the collector and partially shield the collector from the sky and the ground. In practical situations, surrounding surfaces exist and the above model needs to be corrected to account for their effects.
In modifying Eq.
(1), one should account for possible shading of the collectors. This is usually done by multiplying the first term in the right-hand side of Eq. (1) by (1 /is a shading factor defined as follows:
/=
shaded surface area of collector total surface area of collector /) where
A second modification to Eq. (2) is that the configuration factors F cg and F cs should account for the effect of shielding of the collector caused by the surrounding surfaces. A third modification to the equation is to add more terms to account for partial shielding of the ground from the sky, shaded area of the ground which will not receive solar beam irradiance, and reflection of solar beam and diffuse irradiance and ground reflected irradiance by the surrounding surfaces. These last three terms depend mainly on configuration factors between the shielded collector and the ground, sky, or surrounding surfaces, in addition to other configuration factors. In the present work, the expressions for the following configuration factors for a general geometry of a collector and a large surrounding surface are derived:
(a) configuration factor between the shielded collector and the sky, F cs , (b) configuration factor between the shielded collector and the ground, F cg , and (c) configuration factor between the collector and the surface, F cB .
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Previous Work
Several investigators studied the shading factor/of various geometries on flat-plate collectors. Sattler, Sharpies, and Page (1987) derived the expression for the shade of various tree shapes on flat surfaces. Utzinger and Klein (1979) and Sharp (1982) derived the expression for the shading factors for vertical flat plates (windows) shaded by overhangs.
Other investigators studied the shading caused by collectors on one another, in a collector field (Appelbaum and Bany, 1979; Jones, Jr. and Bukhart, 1981; Elsayed and Al-Turki, 1992; Elsayed, 1992) . Appelbaum and Bany (1979) derived an analytical expression for the instantaneous shading factor of a row of collectors on the successive row for an equator-facing collector field. Jones and Bukhart (1981) , assumed infinite rows of collectors to develop an analytical expression for the daily shading factor on a collector field. Elsayed and Al-Turki (1992) used separation of variables technique to develop a simple expression of the instantaneous shading factor of various collectors in a collector field. They used collector fields of similar and nonsimilar number of collectors per row. Elsayed (1992) integrated that expression and obtained an analytical expression for the monthly averaged daily shading factor in a collector field. Stefanakos et al. (1986) studied the effect of shielding on the performance of photovoltaic arrays arranged in rows having a large number of collectors. While eliminating the effect of any direct (beam) radiation shading, they claimed that the percent decrease in total radiation received by a solar array varies from one percent to four percent where the panels were assumed to be on the ground. In a later study, Goswami, Barshooi, and Stefanakos (1987) studied the effect of ground offset and ground reflectivity and reported even lower values for the total radiation received by a solar array when the panels are offset from ground. They also reported that the total solar radiation received by a row of collectors is reduced by an increase in ground reflectivity. The works of Stefanakos et al. (1986) and Goswami, Barshooi, and Stefanakos (1987) are, however, limited to infinite number of collectors per row and to solar noon times. Elsayed and Al-Beirutty (1992) developed an equation similar to Eq. (1) but with correction factors, for a collector field where the collector is shielded by other collectors (i.e., surfaces of same orientation and tilt as the collector) in the field. They developed the expressions for the configuration factors F cs and F cg . Their expressions are not, however, suitable to collectors shielded by surrounding surfaces of different orientation and tilt angles from the collector. In an illustrative example using various parametric conditions, Elsayed and Al-Beirutty showed that the relative error in predicting G, for a shielded collector could be as high as 21 percent even in the absence of beam shading.
Model of Solar Irradiance Received by a Collector
Let A c be the area of a tilted flat collector C which is near surface B of area A B . Surface B may shade the collector, and shields it from the sky and the ground. In this case, the solar irradiance received by the collector is given as follows (neglecting the irradiance received due to the reflection of surface B for ground and collector reflected irradiance):
In Eq. (3), G bi , represents the solar beam irradiance received by the collector. The value of G bJ is given as follows:
where/is the collector shading factor defined by Eq. (2). Assuming isotropic sky diffuse irradiance G d , the sky diffuse irradiance received by the collector G di , is then given by the following expression:
(5) where F cs is the configuration factor between the shielded collector and the sky. Due to surface B, an area A sh of shade is formed on the ground in front of the collector. With isotropic reflection of the ground surface, the ground-reflected irradiance received by the collector, due to solar beam irradiance G gb<t becomes
where F cg is the configuration factor between the shielded collector and the ground, and F CS h is the configuration factor between the collector and the ground shaded area A sh . Similarly, the ground-reflected sky-diffuse irradiance received by the collector is expressed as follows:
where F gs is the configuration factor between ground and sky in the presence of surfaces B and C. The solar beam irradiance reflected by surface B and received by collector C is also given as follows:
where it is assumed that surface B is fully unshaded and reflects in a diffuse manner, and no other surface shields the collector C from the incident irradiance from surface B. In the previous equation, p B is the reflectance of surface B, d B is the solar incidence angle on B, and F cB is the configuration factor be-
surface area of a collector ground surface area ground shaded area in front F cB = of collector, due to surface B element of area on surface B F cg = function defined by Eq. (35) shading factor of collector surface defined by Eq. (2) configuration factor between F cs = a collector C and the ground in the absence of a shielding surface B configuration factor between F gs = a collector C and the sky in the absence of a shielding surface B G = configuration factor between collector C and the shaded ground area configuration factor between collector C and surface B configuration factor between a collector C and the ground in the presence of a shielding surface B configuration factor between a collector C and the sky in the presence of a shielding surface B configuration factor between ground and sky in the presence of surfaces B and C hemispherical solar irradiance on a horizontal surface G bJ = solar beam irradiance received by collector C G b B,i = solar beam irradiance reflected by surface B and received by collector C G bgt , = solar beam irradiance reflected by the ground and received by collector C G d -sky diffuse irradiance on a horizontal surface G di , = sky diffuse irradiance received by collector C Gsd,t = sky diffuse irradiance reflected by surface B and received by collector C G gdit -diffuse irradiance reflected by ground and received by collector C
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Transactions of the ASME tween C and B. The sky-diffuse irradiance reflected by B and received by C is similarly given as follows:
where F Bs is the configuration factor between surface B and sky, and F cB is the configuration factor between the collector and surface B.
The substitution of the various terms in the right-hand side of Eq. (3) now yields
4 Geometry and Formulation Collector C and surface B have arbitrary tilt and orientation angles. Generally, the surrounding surfaces to a collector are the external walls of surrounding buildings and constructions. Practically, this makes A c « A B . This is a major assumption in the following analysis where C is treated as an infinitesimal area in comparison to surface B. Another assumption is that surface B is rectangular in shape with two sides parallel to the ground. In addition, it is assumed that collector C can see all of surface B. Figure 1 depicts the geometry of collector C and the surface B. The Cartesian coordinates x-y-z system is taken with its origin at the lower left corner of surface B, and the directions of the x, y and z-axes are shown in the figure. The width of surface B is W and its length is L. Surface B is tilted by an angle (3 to the horizontal plane and the collector is tilted at angle 5 and oriented with angle y measured from the x-axis with the positive direction as anticlockwise. Point a is located in the middle of collector C with coordinates (x a , y a , z") with respect to the origin "0" of the coordinate system.
In the absence of surface B, the configuration factors between collector C and the sky and ground are given, respectively, by the following common expressions (Howel, 1982) .
1
(1 +cos s) The configuration factor F cB between collector C and surface B is then given as follows:
Examining Eqs. (11), (12),and (15), it is obvious that F cs , F cg , andF cB , are determined once AF CS and AF cg are determined. These expressions are given next.
Expressions for AF CS and AF cg
Using Eqs. (13) and (14), changing the area integration to contour integration, and carrying out the necessary algebraic manipulation, one could follow the same procedure in Elsayed and Al-Beirutty (1992) To verify the above expressions, special cases of these expressions are derived and compared with the expected physical values of AF a and AF cg whenever possible. Also, under some special cases, Eq. (15) is used to compare F cB by the expressions given in the literature. Among the cases used to verify Eqs. (17) and (18) are the following:
. 1 When z a = 0, it is found that AF cg = 0 as the geometry necessitates. Also at /3 = 90 deg, s = 0 deg, and y" = 0 deg as shown in Fig. 3(a) , the expression for F cB as given by Eq. (15) is found to be exactly the same as that developed by Hamilton and Morgan (1952) . 2 When z a = 0, (3 = 90 deg, s = 90 deg, 7 = 180 deg, andy a = Was shown in Fig. 3(6) , the calculation of F cfi using Eq. (15) yields an expression identical to that developed by Hottel (1931) .
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Transactions of the ASME 3 When 0 = 0 deg, y = 180 deg, y" = 1/2 W, z a = x a tan s, L -oo, and W -oo, the surface B coincides with the ground (see Fig. 3(c) ). In this case, AF CS = 0 and AF cg = 1/2 (1 -cos s) , which are the same results obtained directly for the geometry in Fig. 3(c) from Eq. (11).
4 When W -0 and L -0, i.e., surface B diminishes to a point, AF cg -0 and AF CS -0. This is satisfied by the present expressions for AF cg and AF CS as given by Eqs. (17) and (18).
5 When x a -oo, i.e., surface B becomes far away from the collector, AF CS -0 and AF cg -0. The same results are obtained by the present expressions for AF CS and AF cg as given by Eqs. (17) and (18).
In addition, the present expressions for AF CS and AF cg are verified numerically using Eqs. (13) and (14). This is done by carrying out the integration numerically using the Romberg integration method (Burden, Faires, and Reynolds, 1978) for many geometries of surface B and collector C.
Condition for Collector C to see Surface B or its Back
Collector C may or may not see surface B or part of it depending on the geometry of the position of the two surfaces with respect to each other, and the tilt and orientation angles of each surface. Let point a be the middle point of collector C, and let points B u B 2 , B 3 , B 4 be the corners of surface B as depicted in Fig. 4 . Using the same coordinates and angle convention of Fig. 1 , the following unit vectors could be derived: 
Hi = sin^ / + cos/3 A: (27) where W a and «i are, respectively, the unit vector of the normals to collector C and surface B.
Referring to Fig. 4 , and since A c is much smaller than A B , then the condition for collector C to see surface B or its back, is that 0BI,0B2, 0B3, or0 B4 <9Odeg (28) and the condition to make C cannot see B or its back, is that 0fli,0«, Gin, and 0«;>9Odeg 
7 Simplified Expressions for the Case of a Vertical Collector and a Vertical Shielding Surface A special case of important application arise when considering radiative heat exchange between a vertical surface and surrounding surfaces such that exist between windows of buildings and surrounding buildings or between windows and sky and ground. This case is especially important for accurate calculations of cooling load of buildings in the design of airconditioning systems. Therefore, accurate prediction of diffuse radiation exchange between a glass window and the ground and the sky, as well as the surrounding buildings, is essential. Conventionally, the calculation of the shape factors between the glass surface and the sky or the ground are based on Eqs.
(1 la) and (115). However, surrounding buildings usually have shielding effects which reduce sky diffuse irradiance or ground reflected diffuse irradiance incident on the glass windows.
With /3 = 5 = 90 deg, the expressions of AF CS and AF cg are simplified to the following form: 
where
Equations (33), (34), and (35) are used together with Eqs. (11) and (12) to calculate the variation of F cs /F cs and F cg / F cg with the relative azimuth angle of collector with respect to the shielding surface at different parametric conditions. In : and F cg /F cg are carried out for X carrying out these calculations, one should be careful to account for the width and length of the part of surface B which is only seen by the window. Procedure similar to that in Appendix A is followed for this purpose.
Calculations of F cs /F c , ' ' ~ 0.1, 0.5, 1; Y = 0.1, 0.5, 1; Z = 0.1, 0.5, 0.8; L/W = 0.5, 1; and 0 < y < 360 deg. The results are plotted in Figs. 5 to 7. As indicated by these figures, the values of F cs /F cs and F cg / F cg fall between 0 and 1. The figures also indicate that as the spacing X between the two surfaces increases, the shielding effect decreases as would be expected. Comparison of these figures also show that larger shielding effects are attained for windows located near the middle of a shielding building (Y = 0.5). Maximum shielding effect is when the window surface is oriented at an optimum orientation angle y opt relative to the shielding surface. This value of 7 opt is generally affected by the spacing Y of surface C, slightly affected by the spacing X between the two surfaces, and independent of the elevation Z of the window relative to the shielding surface.
Conclusions
A model is derived to predict the solar irradiance received by a tilted collector in the presence of a nearby shielding tilted surface. This model Eq. (10) is suggested to replace the commonly accepted isotropic model Eq. (1) which does not account for the effect of shielding. The present model is found to depend on several configuration factors in addition to other parameters. Referring to Eq. (10), this study presents analytical expressions for the configuration factors F cs and F cg and F cB .
Journal of Solar Energy Engineering
AUGUST 1992, Vol. 114/163
These expressions are obtained directly using Eqs. (11), (12), and (15) Figure Al shows the geometry of collector C and surface B. When the orientation angle y is zero, both surfaces are parallel and no shielding exist since C cannot see B. Surface C sees all of surface B when the angle 7 is in the range 90 + (j> < y < 270 -6 where, (33) to (35) cannot be used directly since they are only valid if surface C sees all of surface B, in this case, the following procedure is followed:
• At 90 -6 < 7 < 90 + <j> (surface C sees area B'): Calculate the configuration factors F cg and F cs by considering that surface B' has its origin at 0', and accordingly surface C is located at position (x a , y", z a ) relative to 0', where, j;=x a tan(7-90).
(A2) Noting that area B' has a width of W' = W -(y a -y' a ), therefore, when replacing the variables,y a by y' a and Why W ', Eqs. (12) and (17) to (21) are used to evaluate F cg and F cs .
• At 270 -8 < 7 < 270 + <t> (surface C sees area B"): Area B" has its origin at 0, and it has a width W' = y" -ya where y' a is calculated from Eq. (A2).
